The ͓1,3͔ sigmatropic shift of the fluorine atom in the 3-fluorpropene system has been studied from the topological analysis of the electron localization function ͑ELF͒. All calculations have been carried out at the B3PW91/6-311g** level of theory. The allowed suprafacial pathway through a concerted four-membered C s transition state ͑TS͒ has been characterized in terms of an ion pair structure which shows the halogen atom bearing Ϫ0.6e. The ionic nature of the TS is supported by the absence of any polisynaptic basin connecting the fluorine and the allyl fragments in this stationary point. Finally, the evolution of the bonding characteristics along the intrinsic reaction coordinate reaction path has been analyzed in detail in terms of the basin properties of the ELF function.
INTRODUCTION
Pericyclic sigmatropic rearrangements are very useful in the design of synthetic routes to organofluorine compounds.
1,2 These transformations have been suggested to be involved in the pyrolysis of polifluorinated compounds. 3, 4 The ͓1,3͔ sigmatropic shift of the fluorine atom has been observed in the thermal rearrangement of the Diels-Alder adduct of hexafluorobicyclo͓2.2.0͔-2,5-hexadiene and 2,3-dimethyl-1,3-butadiene, 5, 6 and in the pyrolysis of polyfluorocyclohexadienes. 7 This fundamental migration of a fluorine atom has also been recently observed above 40°C in a 2-phospha-1,3-disilaallyl fluoride derivative. 8 Surprisingly, there are few studies about the reaction mechanism of the ͓1,3͔ sigmatropic shift in the simple case of the 3-fluorpropene ͑3FP͒ molecule. Early theoretical approaches to this reaction system are based on semiquantitative 9 and semiempirical models. [10] [11] [12] These works were devoted to the elucidation of structural aspects of mechanism and the discussion of solvent effects on the reaction path. More complete studies have not been reported previously. Very extensive work however, both experimental and theoretical ͓from semiempirical, Hartree-Fock ͑HF͒ and density functional theory ͑DFT͒ based models͔, have been devoted to the elucidation of the structure and thermodynamical properties of the 3FP in several conditions. [13] [14] [15] Conformational stabilities and equilibrium, torsional barriers to internal rotation, vibrational assignments, normal mode analysis, and general thermodynamic functions have been the main focus of research on the 3FP molecule for the last 20 years. The literature on this subject has been revised recently. 13 The Woodward-Hoffmann 16, 17 selection rules for a ͓1,3͔ sigmatropic shift of a fluorine atom suggest that it must occur via a concerted four membered transition state ͑TS͒ with a suprafacial stereochemistry. Based on the available data, [9] [10] [11] [12] the intrinsic ion pair nature of the transition state remains an open problem. It may be useful to elucidate the bonding characteristics along this important pericyclic reaction process.
The topological analysis of the electron localization function ͑ELF͒ of Becke and Edgecombe 18 provides a convenient partition of the molecular space into basins of attractors which can be interpreted on the basis of the simple Lewis's model of chemical bonding. 19 This methodology has been proved to be a powerful tool for the description of the nature of chemical bonding in several systems; [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] even though it has been applied to a lower extent to chemical reactions. For instance, the ELF analysis has been applied to the study of the inversion of ammonia, to the breaking of the ethane C-C bond, and to the dissociation of BH 3 NH 3 specie, 33 to the proton transfer in malonaldehyde, 34 to the chemical bond evolution in the isomerization of XNO ͑XϭH, Cl͒, 35 and to the proton transfer in the protonated water dimer ͑H5O2ϩ͒. 36 Several applications of the topological analysis of the ELF function have appeared recently. Among a few examples are the study of the structure in strontium clusters, 37 the study of the strain energy in carbon compounds, 38 the study of the bonding in heterodimetallic complexes, 39 the determination of the substitution sites in heterocycles, 40 the study of the bonding on metallic surfaces, 41, 42 the description of the aromaticity in fivemembered rings, 43 the determination of protonation sites in bases, 44 the study of the electrophilic aromatic substitution, 32 the study of the bonding in a superconducting alloy, 45 the study of the bonding of phosphinidenes with N-heterocyclic carbenes, 46 and the study of the propargyl radical system.
The present work is the first analysis of a pericyclic reaction process using the topological analysis of the electron localization function ͑ELF͒. The ELF is defined in terms of the excess of local kinetic energy density due to the Pauli repulsion, T((r)), and the Thomas-Fermi kinetic energy density, T h ((r)),
For a monodeterminantal wave function these quantities are evaluated from the HF or the Kohn-Sham orbitals, i (r),
The gradient field of the ELF function provides us with basins of attractors (⍀ i ) whose properties describe important chemical bonding characteristics of systems. In this context, these properties have been related with the intuitive concepts of the localization and delocalization of the electron density. 19 The population of a basin, Ñ i , is defined as the integral of the one electron density (r) over the basin,
The population variance, 2 (Ñ i ) ͑or the quantum uncertainty of the basin population͒, is calculated in terms of the diagonal elements of the first ͓(r)͔ and second-order ͓(r 1 ,r 2 )͔ density matrices,
͑6͒
from which the standard deviation (Ñ i ) can be evaluated. Finally the above-mentioned quantities can be used to define the positive ͑and expected less than 1͒ relative fluctuation
͑7͒
Fluctuation analysis was first introduced by Bader 50 and has been found to be a good measure of delocalization. 19, 24 In this work we have applied the topological analysis of the ELF function, through the analysis of the above associated basin properties, to the study of the ͓1,3͔ sigmatropic shift of the fluorine atom in the 3FP system. Our purpose is to explore the main bonding characteristics involved along the symmetry allowed suprafacial reaction pathway.
COMPUTATIONAL DETAILS
All optimizations have been carried out using the GAUSS-IAN98 package of programs 51 within the Berny algorithm at the B3PW91/6-311G** 52,53 level of theory. Both the cis and gauche conformers of the 3FP system have been fully optimized and characterized by using the vibrational analysis. The transition state ͑TS͒ was found with a unique imaginary frequency and the intrinsic reaction coordinate ͑IRC͒ pathway 54 connecting it with the 3FP reactant and product conformations was calculated. The evaluation of the topological analysis of ELF function defined in Eq. ͑1͒ and its gradient-field associated properties in Eqs. ͑2͒-͑7͒ has been carried out using the TOPMOD series of programs. 55, 56 The graphic visualization of results was done with the VIS5D tools. 57 Global chemical hardness values have been obtained from a finite-difference approximation and using the Koopmans' theorem in terms of the frontier ͑highest occupied molecular orbital and lowest unoccupied molecular orbital͒ molecular orbital energies,
The mean polarizability value has been obtained as an average of the corresponding tensor components evaluated using the Sadlej's basis set as has been recommended, 59 ,60
RESULTS AND DISCUSSION
The ͓1,3͔ sigmatropic shift in the 3FP system implies that reactant and product are identical and the reaction proceeds via a TS of C s symmetry. Table I reports the total energy, zero point correction, number of imaginary frequencies ͑NIMAG͒, the global hardness , and the mean polarizability ͗␣͘ values calculated for the optimized cis and gauche conformations of 3FP as well as the suprafacial TS. Figure 1 depicts the stationary points with the numbering convention used through this work.
Both the cis and gauche conformations of 3FP have previously been reported at ab initio and DFT level of calculations including MP2 and B3LYP models. 13, 15, 38 Table II reports the optimized structural data. The B3PW91 model functional predicts interatomic distances and angles in close agreement with the MP2/6-311ϩϩG** level and with the available experimental data. 13 Interatomic distances for the F9-C1, F9-C2, and F9-C3 pairs of atoms at the TS are predicted to be 2.046, 2.360, and 2.046 Å, respectively. TABLE I. Some properties of the 3-fluorpropene ͑cis and gauche conformations͒ and the transition structure corresponding to the ͓1,3͔ fluorine sigmatropic shift evaluated at the B3PW91/6-311g** level of theory.
Properties
Gauche 3FP Cis 3FP TS These values are much larger than the mean experimental value of 1.395 Å for the F-C single bond interaction as expected. 13 Early transition structures postulated at the intermediate neglect of differential overlap ͑INDO͒ or STO-4G level of calculation 9 do not correspond to real transition states, showing more than one imaginary frequency. Modified neglect of differential overlap ͑MNDO͒ and Austin model 1 ͑AM1͒ semiempirical TS structures [10] [11] [12] are in closer qualitative agreement with our B3PW91 results in Table II .
The cis 3FP is predicted to be 3.00 kJ/mol more stable than the gauche-3FP conformer. This value agrees well with the experimental one of 3.15Ϯ0.30 kJ/mol determined by temperature-dependent Raman spectrum studies 61 and with the 2.52Ϯ0.30 kJ/mol value obtained from a matrix isolation study. 62 However there is not a definitive value for the rotational conformational cis/gauche barrier, either from experimental or theoretical studies. Its value ranges from 694 Ϯ274 to 3.15Ϯ0.30 kJ/mol. The most recent experimental determination for the gas phase comes from extrapolated rare gas solution temperature-dependent Fourier transform infrared spectra studies, which give a result of 1.56Ϯ0.30 kJ/ mol. 13 The present calculations are the best ab initio calculations on the sigmatropic shift of the fluorine atom in the 3FP system reported up to now. The zero-point-corrected activation energy is estimated to be 260.3 kJ/mol ͑62.2 kcal/mol͒. Experimental data are not available for this reaction process while the scarce theoretical values range from 430.9 kJ/mol ͑103 kcal/mol͒ for the gas phase to 167.5 kJ/mol ͑40 kcal/ mol͒ by introducing some solvent effects based on early selfconsistent reaction field models. [9] [10] [11] [12] A more detailed study on the solvent effects remains to be carried out for this reaction process.
From Table I it is possible to verify that the maximum hardness principle ͑MHP͒ 63 and the minimum polarizability principle ͑MPP͒ 64 are satisfied for the allowed pericyclic reaction process. The TS is predicted to be softer and a more polarizable species than the corresponding 3FP reactant. The MHP it also satisfied for the comparison of the reactant, TS, and the product 3-fluoropropene, and also for the comparison including the cis and gauche conformers, at the HF/6-31G* level of theory. 65 These results must be understood only on a semiquantitative basis due the small energy difference involved.
In Figs. 2 and 3 are depicted the topology of the electron localization domains ͑represented for ELFϭ0.75͒ for the cis and gauche conformers of the 3FP systems and for the TS structure, respectively. The organization of attractors in both the cis and gauche 3FP conformers is very similar. There are four core attractors corresponding to the C1, C2, C3, and F9 atoms, five protonated, disynaptic, valence attractors which correspond to the single bond between the C and H atoms V(C i , H j ) i, jϭ1,4;1,5;2, 6;3,7;3,8 , one disynaptic, valence attractor, corresponding to the single bond between C1 and C2 atoms V(C1, C2), one disynaptic, valence attractor, corresponding to the single bonding between the C1 and F9 atoms V(C1, F), and one monosynaptic, superbasin valence attractor, corresponding to the nonbonding electron pairs of the halogen F9 atom. The double bond between the C2 and C3 atoms appears as two disynaptic, valence attractors V 1 (C2, C3), and V 2 (C2, C3) in the case of the gauche conformer. In the case of the cis isomer, it appears only as one disynaptic superbasin valence attractor V(C2, C3). These split details, although not appreciable in Figs. 1 and 2, will be discussed in the following in connection with the bifurcation analysis of the ELF domains.
The topological ELF representation of the valence electron density of halogen atoms, in the form of a cylindrical superbasin and not as three well separated lone electron pairs, is also well known. 27 The V(F, C1) basin is localized closer to the halogen atom and corresponds to a representation of the bonding between atoms of different electronegativity. In agreement with this fact, the relation between the valence attractors' distance ͓V͑F, C1͒¯C͑F͔͒/ ͓C͑F͒¯C͑C1͔͒ corresponds to 0.489 and 0.473 for the cis and gauche conformers, respectively.
In the case of the TS, there are four core attractors corresponding to the C1, C2, C3, and F9 atoms and five protonated, disynaptic, valence attractors which correspond to the single bond between the C-H pair of atoms V(C i , H j ) i, jϭ1,4;1,5;2, 6;3,7;3,8 . The bond between the C1-C2 and the C2-C3 pairs of atoms appears now as two single disynaptic, valence attractors V(C1, C2) and V(C2, C3), respectively. Furthermore, two monosynaptic valence attractors appeared centered on C2 and F9 atoms, V(C2) and V 1 (F), respectively. These two basins correspond to part of the C1-C2-C3 and C1-F electron densities which has been reorganized in the process from the reactant toward the TS structure. A detailed analysis of the changes along the reaction pathway in this rearrangement will be presented in the following. Finally, we have the monosynaptic valence attractor, corresponding to the nonbonding electron density of halogen V 2 (F). Disynaptic valence attractor between the F9-C1 or F9-C3 pairs of atoms for the localized C s -symmetry transition structure was not observed. This fact is in agreement with a picture of an ionic, electrostatic interaction, between both the F and the allyl fragments at the TS position on the reaction path, consistent with an ion-pair structure.
The values of ELF corresponding to bifurcations, leading to a reduction of the localization domains into domains containing fewer attractors, are presented in Figs. 4 and 5 for the 3FP systems and the TS, respectively. At the lowest values of the ELF function, the core and valence basins are fused for both reactant and TS. In the case of 3FP ͑cis and gauche conformers͒, a first split of the valence basins occurs at ELFϭ0.55, dividing the molecular space into the 
V(F)ഫV(C1, F) basins, and the
On the other hand, V(C i , H j ) valence basins reduce separately, as is indicated in Fig. 4. V(C2, H6) is separated at ELFϭ0.66, while V(C3, H7), V(C3, H8), and V(C2, C3) are splitted at ELFϭ0.69. The remaining V(C1, H4), V(C1, H3), and V(C1, C2) occurs at 0.70. The highest values of ELF ͑0.78 and 0.84͒ lead to a reduction of the valence basins related to the fluorine atom. In the case of the symmetrical TS, we obtain that the valence basins also splits into separated sets as for the 3FP systems, but ELF values for the reductions are lower in most cases. These splits are therefore consistent with the relative fluctuation values for the population basins, which will be discussed in the following.
The results of the topological analysis of the ELF function for the cis-3FP and the gauche-3FP systems as well as for the TS are presented in Tables III, IV , and V respectively. These tables show the basin populations Ñ i , standard deviation (Ñ i ), relative fluctuation (Ñ i ), and the main contributions from other basins i͑%͒ to 2 (Ñ i ) for each stationary point. The core basin populations of C1, C2, and C3 are almost centered at the 2.10e value. The core population of F9 in cis 3FP (2.14e) is slightly higher than in the gauche isomer (2.08e). The deviation from the expected 2.00e value is usually interpreted as due to the penetration of the valence electrons in the core regions. The relative fluctuation values of the carbon atoms are relatively small ͑0.13͒, indicating small delocalizations of these core electron densities, while for the Tables III and IV͒ , that the bonding interactions are more stressed in the cis conformer than in the gauche one. This is consistent with a lower total energy for the cis 3FP system, as predicted from both theoretical and spectroscopy studies. 13, 15 In the case of the transition state, the calculated electron populations follow the C s symmetry of the allowed suprafacial pathway. The core populations for the C1, C2, C3, and F9 are 2.09e, 2.10e, 2.09e, and 2.15e, respectively. The deviations from the expected 2.00e value are lower for the C atoms than for F. Here there is a more extensive penetration of valence populations in the core of the halogen center than in the 3FP system. The populations of valence V(C1, C2) and V(C2, C3) basins are identically equal to 2.55e, which is an intermediate value in the evolution between the single and double bond populations. The valence basin centered on the C2 and F9 atoms, V(C2) and V 1 (F), have populations of 0.30e and 1.10e, respectively. By a direct comparison of the sum of population basins of both fragments from Table V, and incorporating the nuclear positive charges, it can be determined that the fluorine atom is migrating at the TS position with Ϫ0.6e. The transition state associated with the The V 1 (F) population is interchanged mainly with the nonbonding density on the halogen atom ͑77.8%͒, and in much lower degree with its core basin C͑F͒ ͑6.1%͒. The V(C2) population basin, on the other hand, is mainly delocalized on Fig. 6 , ͑b͒ point b in Fig. 6 , ͑c͒ point c in Fig. 6 , ͑d͒ point d in Fig. 6 , ͑e͒ point e in Fig. 6 , ͑f͒ point f in Fig. 6 , ͑g͒ point g in Fig. 6 , ͑h͒ point h in Fig. 6 , ͑i͒ point i in Fig.  6 , ͑j͒ point j in Fig. 6 . With the aim to study in more detail how the electron density rearranges along the ͓1,3͔ F sigmatropic shift, the topological analysis of the ELF function has been carried out also at several optimized points on the IRC pathway. Tables VI͑a͒-VI͑j͒ show the basin populations, the standard deviation, the relative fluctuation, and the main contributions from other basins, for these selected points along the reaction coordinate corresponding to the allowed suprafacial shift. The corresponding localization domains for each stationary point are depicted in Fig. 6 for the ELFϭ0.75 value. The forward ͑positive͒ direction of the transition vector ͑TV͒ points out to the conformation of 3FP where the F atom is bonded to C1, and the backward ͑negative͒ one leads to a situation where the halogen is bonded to the C3 atom. Following the evolution of the reaction coordinate from the positive to the negative direction of the TV, we can observe the changes of the bonding characteristics for the complete reaction process. From the analysis of basin populations in Table VI and from Fig. 6 , it is clear how the double bond is being transferred from the C3-C1 pair to the C2-C1 pair of atoms through the changes along the concerted migration of the fluorine atom from the C1 to the C3 ends. At highest values of the reaction coordinate, the almost completed CvC double bond appears as separated basins at points ͑a͒ and ͑b͒ from the positive side of the TV and on points ͑i͒ and ͑j͒ on the negative one.
Four different types of basins can be clearly identified with respect to its delocalization values ͓i.e., (Ñ 1 )͔, whose patterns do not change significantly through the reaction progress: The lowest values of delocalization ͑0.13͒ are for the core basins corresponding to the carbon centers, as well as for the core and the nonbonding valence density basins of the fluorine atom C(F) (0.20) and V(F) (0.18), respectively. It must be noted that the localization for the V(F) basin slightly increases from the reactant and product valley to the TS region ͑i.e., 0.18 for b, 0.15 for d, 0.12 for e; 0.18 for j, 0.14 for g, 0.13 for f ͒. Main contributions to the carbon core populations come from the nearest valence basins corresponding to the C-H bonds and to the associated C-C bond. Other contributions from the V(F) nonbonding and C-F bonding densities appear in the proximity of the TS. For example, the C(C1) basin exchanges its population mainly with the C(C1, H4), C(C1, H5), and the V(C1, C2) basins ͑28.5%, 29.5%, and 22.4%, respectively͒ for point ͑a͒, while in ͑d͒ there are also contributions from the V(C1, F) and V(F) ͑6.6% and 7.2%͒ basins. The core C(F) and the valence V(F, C1) basins are interchanged in 8.8%, 7.3%, 6.5%, and 4.0% at ͑a͒, ͑b͒, ͑c͒, and ͑d͒ structures on the positive side of the TV, respectively. At the ͑f ͒, TS, and ͑g͒ points on the pathway, the basins V(F, C1) and V(F, C2) are not observed. On the negative side of the TV, the contributions from the V(F, C3) basin to the C(F) one are: 1.0%, 6.4%, 5.4% and 8.3% for ͑g͒, ͑h͒, ͑i͒, and ͑j͒ points respectively. Configurations closer to the TS show a greater delocalization of the V(F) population, in agreement with a most covalent character for lower energy structures on the path. In the structure ͑f ͒, for example, which is localized at ϩ1.18 on the reaction coordinate, the main contributions are: 42.2% from C(F), 13.9% from V(C1, H5), 12.2% from V(C1, H4), 12.1% from V(C1, C2), 6.9% from V(C2-C3) and 5.7% from V(C3, H8). Structure ͑g͒, at Ϫ1.18 position on the IRC, shows contributions to the V(F) population basin of 42.5%, 13.9%, 12.2%, 11.0%, 7.1%, and 5.7% from the C(F), V(C3, H8), V(C3, H7), V(C2, C3), V(C1, C2), and V(C1, H5) basins respectively. Thus, the core populations of the C and F atoms are not significantly varied as can be expected along this Pericyclic process. These basins retain a mean value of 2.10e ͑for C͒ and 2.15e ͑for F͒ through the complete pathway, with a relatively small delocalization. Low delocalization of the nonbonding valence basin of the fluorine atom is also evidenced ͑0.13-0.18͒, but populations are continuously increased from the reactant or product to the TS. The highly delocalized (0.74) V1(F) basin at the TS appears with a population of 1.07e. Medium values for delocalization ͑0.31͒ are associated with the disynaptic valence basins corresponding to the C-H bonds. Populations are centered on the mean value of 2.10e through the reaction process, with main contributions from the nearest V(C-H),V(C-C) valence basins and the neighborhoods C(C) core basins. It must be noted that the V(C2, H6) basin presents a slightly but significant greater population along the pathway, which is increased in the proximity of the TS structure. This results agree well with the fluctuation patterns of basins populations discussed previously and with the chemical intuition suggesting a charge FIG. 6 . Localization domains for selected points along the IRC pathway of ͓1,3͔ fluorine sigmatropic shift in 3FP, represented for ELFϭ0.75, from the optimized wave functions at the B3PW91/6-311G** level of theory. rearrangement which involves C2 as a fluxing channel for the electronic density in the shift of the double bond as the reaction is progressing. A clearly definite disynaptic valence basin appears at the TS structure with 0.30e and a high delocalization ͑0.90͒ value.
Slightly bigger delocalization values ͑0.45-0.58͒ are associated with the rearrangement of the electron populations through the C1-C2-C3 framework. Population on the V(C1, C2) basin is increased from the 2.03e in point ͑a͒ to 3.38e at point ͑j͒, while population on the V(C2, C3) valence basin is decreased correspondingly from 3.32e to 2.02e. Main contributions to the V(C1, C2) and V(C2, C3) valence populations come from the nearest V(C, C) and the neighborhood V(C-H) valence basins. It must be noted that the topological analysis of the ELF function along the pathway clearly shows that the allowed electronic rearrangement from the TS to the reactant or product valleys involves important fluctuation contributions coming also from the V(C, H), V(C, C), and the V(F) valence basins.
The greatest delocalization values ͑0.71-0.90͒ correspond finally with valence populations associated with the F-C1 bond breaking V(F, C1), and with the F-C3 bond formation V(F, C3). These populations agree with the chemical intuition for such a process between the F and C centers. Thus, the V(F, C1) population decreases monotonically from a(1.00e) to d(0.55e) and the V(F, C3) increases from g(0.12e) to j(1.10e). It must be noted that the main contributions arise from the V(F) valence basin ͑Ͼ60%͒, yet other not depreciable effects come from the neighborhood V(C, H) valence basins, which appear to be acting as fluxional reservoirs along the complete electron rearrangement.
Topological analysis of the ELF permits us to obtain a very nice revealing picture of how this sigmatropic process can be understood, which complement the traditional view of an allowed Pericyclic reaction process explained only in terms of symmetry selection rules.
CONCLUSIONS
The allowed ͓1,3͔ sigmatropic shift of fluorine in 3FP has been investigated through the topological analysis of ELF, by using the electron density obtained from optimized stationary points at the B3PW91/6-311G** level of theory. The allowed suprafacial TS has been characterized in terms of an intimate ion pair with an electron charge separation of 0.6e between the allyl and the fluorine fragments. The electron population of the basins at the TS belong to the C s overall point group of this structure. This very intuitive aspect of the reaction mechanism can be observed from the populations in Table V and Fig. 6 . A complete description of the interconversion has been obtained from the analysis of the basin properties along the reaction coordinate, and it is observed how the covalent bonding character is increased from the TS toward the 3FP reactant and product conformations. Finally, it can be also emphasized from the ELF analysis viewpoint that the valence basins corresponding to the C-H bonding interactions also play an important role in the delocalization of the electronic charge along the single interconversion step involved in the ͓1,3͔ fluorine migration.
